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Abstract. Four countries (Indonesia, Philippines, Thailand, and Nepal) were taken as an 
example to assess the impact of changes in rice cultivation on methane emissions from rice 
fields since the 1960s. The change of rice area by type of culture from 1960-1990s is 
estimated, and its relative contribution to national harvested rice area is calculated and 
multiplied with an emission factor, to derive the relative methane emission per unit rice 
land. Relative methane emission per ha rice land has increased since 1960 for all four 
countries, largely due to an increase in irrigated rice area and partly due to a decrease in 
upland rice area. Patterns of rice area changes and related emission changes differ 
considerably among countries. On the basis of the rice area increases between 1960 and the 
1990s, significant increases in methane emissions from rice fields due to increases in total 
rice cultivated area are not to be expected in the future. The impact of modem rice variety 
adoption is assessed by relating methane emissions to rice production. The organic matter 
returned to the paddy soil is largely determined by rice biomass production which, given a 
certain yield, is different for traditional and modem rice varieties. By calculating total organic 
matter returned to rice paddy soils and assuming a constant fraction to be emitted as methane, 
rice production and methane emission can be related. The analysis indicates that (1) up to now, 
rice yield increases in countries with high modem rice variety adoption have not resulted in 
increased methane emissions per unit of harvested area and, (2) global annual emission from 
rice fields may be considerably lower than generally assumed. The introduction of modem rice 
varieties can be regarded as a historical methane emission mitigation strategy because higher 
rice yields resulted in lower or equal methane emissions. 
1. Introduction 
Wetland rice fields are an important source of methane 
(CH4), a potent greenhouse gas. CH4 emissions from rice 
fields have been measured over the past 10-15 years at 
numerous locations, greatly improving our understanding of 
the controlling factors [e.g., Neue and Roger, 1994; Minami 
et al., 1994]. However, little attention has been given to the 
impact of changes in rice agriculture on the CH4 source 
strength of rice fields. Since the mid-1960s, remarkable 
growth in rice productivity has been achieved through the 
diffusion of modem rice varieties, widely known as the 
green revolution [Dah3'mple, 1986]. As a result, the primary 
basis of growth in Asian rice production shifted from crop 
area expansion to increases in yields. Anastasi et al. [1992] 
studied the expected changes in national populations of rice- 
producing countries and used this to predict future rice 
production and harvested area. They predicted CH4 
emissions from rice to increase by an average of 1.1% yr -• 
from the 1990 level of 97 Tg yr -I to 145 Tg yr -I in 2025. 
CH4 emission was directly linked to rice production because 
this overcomes uncertainties in specific growing practices 
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[Anastasi et al., 1992]. It is questionable, however, if CH4 
emissions from rice are proportional to the amount of rice 
produced, because they certainly depend in part on specific 
growing practices and conditions [Neue and Roger, 1994]. 
Another option to estimate past and future CH4 emissions 
from rice is by linking CH4 emission to changes in harvested 
rice area. The harvested area of rice in Asia increased from 
1961 to the 1990s with - 25 million ha to - 132 million ha ' 
[International Rice Research Institute (IRRI), 1995]. 
Consequently, if a fixed CH4 emission per hectare of 
harvested rice land is assumed, CH4 emission from rice 
fields increased with -20% over the past 30 years. However, 
the increase in harvested area is not caused by "more of the 
same" rice fields that were cultivated in the early 1960s. The 
increase in harvested area of the past decades was mainly 
due to adoption of modem rice technology. Double and 
triple rice cropping was made possible due to the 
development of short-duration, photoperiod-insensitive rice 
cultivars in combination with (improved) irrigation.. Since 
CH4 emissions from the various rice ecosystems differ, a 
closer look at how different rice ecosystems contributed to 
the harvested area changes is necessary. In this paper, the 
(possible) impacts that widespread adoption of modem rice 
technology between the 1960s and 1990s may have had on 
CH4 emissions from rice fields are explored by studying the 
developments in rice agriculture of Indonesia, Philippines, 
Nepal, and Thailand. Two important issues are singled out: 
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Figure 1. Area planted to modem rice varieties (MVs) for 
four selected countries (data from IRRI, [1995]). 
(1) change in harvested area of rice production 
environments, including the related increase in irrigated area 
and (2)change in the ratio between grain yield and 
biological yield (harvest index) due to adoption of modem 
rice varieties. Impacts of changing fertilization will be 
studied in a separate paper. 
1.1. Modern Rice Varieties 
The most important component of Asian rice production 
increase between the 1960s and 1990s was the development 
and adoption of short-duration, photoperiod-insensitive rice 
cultivars. Distinguishing characteristics of these modem 
varieties (MVs) are a relatively short-stem (therefore called 
dwarf or semi-dwarf), early-maturing, and high-tillering 
capacity. These semidwarfs are resistant o lodging, while 
tall traditional varieties (TVs) lodge at high levels of 
fertilization [Dalrymple, 1986]. Tropical TVs take 160-200 
days to mature; MVs adapted to the dry season are 
photoperiod insensitive and mature in 90-130 days. The 
shortened growing period facilitates multiple cropping 
where weather and water supply permit. The high yield 
potential of MVs is best expressed in the irrigated rice 
production environment. Yet, MVs do not require more 
water per crop than TVs: Because of higher yields and 
shorter growing periods, they may actually use less water 
per unit product. However, because the high yield potential 
is achieved by applying inputs such as fertilizer and 
pesticides, there is additional cost. When water supply and 
drainage are inadequate or unreliable, the added risk 
discourages the use of inputs, thus reducing the advantages 
of MVs [Dalrymple, 1986]. Close spacing is essential for 
early maturing varieties to achieve high yields [Yoshida, 
1981]. The close spacing is likely to increase CH4 emission, 
but this hypothesis is not further explored here. 
1.2. Differences Between Rice Growing Countries 
Between the late 1970s and mid-1990s Asian rice area 
has increased by -4.7% which is way below the 25% 
increase in the population dependant on rice. The change in 
harvested area has been far from uniform across Asia. For 
example, from 1961-1990 the harvested rice area in India 
increased with 8 million ha, of which 6 million ha was 
irrigated rice, whereas Japan lost 1.2 million ha, of which 1 
million ha was irrigated rice [IRRI, 1995]. Likewise the 
adoption of modem rice technology has been far from 
uniform across Asia. The adoption rate and percentage of 
national rice area planted to modem rice varieties differs 
considerably among rice growing countries (Figure 1). 
Indonesia and the Philippines are examples of high MV 
adoption rate; Thailand and Nepal are examples of low MV 
adoption rate. However, even between countries with a 
similar adoption rate, the trends in the components of rice 
production differ considerably (Figure 2). From 1960 
onward, Indonesian harvested rice area increased steadily, 
but Philippine harvested rice area remained stable with an 
increase since 1992 only. Relative increases in yields since 
1961 for Indonesia and the Philippines were almost exactly 
the same. Remarkably, the absolute yield for the Philippines 
is consistently about 1 t ha -• lower and in both countries the 
yield increase leveled off in the 1990s. 
1.3. Adoption of Modern Rice Technology and the Type 
of Rice Culture 
The most important factor in explaining differential 
adoption of the MVs across Asia are the characteristics of 
the production environment, especially the degree of water 
control [Barker et al., 1985; David and Otsuka, 1994]. This 
is not surprising because MVs developed so far have been 
more suited to irrigated and favorable rainfed rice 
conditions. Countries with high MV adoption, like 
Indonesia and the Philippines, are those where costs of 
irrigation are lower and therefore the fraction of irrigated 
rice area is larger. Low MV adoption rates, for example, in 
Thailand and Nepal, are mostly caused by geomorphological 
conditions. In Nepal, a significant part of rice area is in the 
hills and mountainous regions where water control is 
difficult, and, in Thailand, rice is cultivated in large deltaic 
regions where the cost of developing effective water control 
system is high [David and Otsuka, 1994]. An additional 
reason for Thailand to have low MV adoption is that 
Thailand is a rice exporting country therefore keeping rice 
quality rather than yield high on the agenda. 
The irrigated rice production environment is relatively 
homogeneous across countries, but the nonirrigated rice 
lands have vastly diverse physical and climatic conditions 
affecting potential rice yields, farmers production decisions, 
and CH4 emission potentials. The shallow rainfed lowlands 
include areas where MVs are also widely grown, but the 
major part is drought and/or flood prone where MVs are not 
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Figure 2. Three-year moving averages of absolute rice 
yields (circles) and increases of harvested rice area (solid 
lines) and yield (dashed lines) relative to 1961 for the 
Philippines (black) and Indonesia (grey). 
adopted [David and Otsuka, 1994]. The intermediate rainfed 
lowlands, deepwater ice areas, and upland rice areas have 
been even more unfavorable for MV adoption. 
2. Rice Ecosystems and CH4 Emission Factors 
Rice is cultivated under a wide variety of climatic, soil, 
and hydrological conditions. CH4 production can only occur 
under strict anaerobic conditions. In rice fields, anaerobic 
conditions are indirectly controlled by, artificial or natural, 
submergence of the soil, which greatly hampers the 
diffusion of atmospheric oxygen into the soil. Therefore the 
general classification of rice areas using a water control- 
based scheme [Huke, 1982; Huke and Huke, 1997] is also 
relevant for CH4 emissions from rice [Neue and Roger, 
1994]. In Table 1, rice areas of Indonesia, Philippines, 
Thailand, Nepal, and Asia (for comparison) are classified 
using this "rice by type of culture" or "rice ecosystems" 
approach. Irrigated rice fields are the major source of CH4 
from rice fields because they cover the largest area and 
controlled flooding maintains the soil in a reduced status, 
essential for CH4 production [Neue and Roger, 1994]. 
However, it should be noted that some irrigated areas might 
still have occasional water shortage. Favorable rainfed rice 
fields with shallow flooding (< 30 cm) and without drought 
stress have about the same potential for CH4 emission as 
irrigated rice fields. However, in classifications, the shallow 
rainfed rice production environment is not separated in 
"favorable" and "unfavorable." Shallow rainfed rice is 
generally thought to be drought prone which, for this rice 
ecosystem, is synonymous with unfavorable. This may often 
be justified but leads to neglecting the fraction favorable 
shallow rainfed rice. 
There is enough evidence, both from process knowledge 
and observations, to conclude that rice ecosystems differ in 
their capacity to emit CH4 [Neue and Roger, 1994; Buendia 
et al., 1997]. At present, emission factors appear to be the 
best way to account for the contribution of different rice 
ecosystems to the global CH4 source strength from rice 
paddies. By definition, continuously flooded irrigated rice 
fields have an emission factor of 1 [Intergovernmental 
Panel on Climate Change (IPCC), 1995]. Emission factors, 
relative to continuous flooded irrigated rice, can be given to 
each of the other rice ecosystems. This is useful because 
most data on CH4 emissions from rice are from irrigated 
systems; emission data from nonirrigated environments are 
scarce. Upland rice does not emit CH4 because the fields are 
not flooded for any significant amount of time, resulting in 
an emission factor of 0. Rainfed rice fields were first 
assumed to have an emission factor of 0.6 [IPCC, 1995], but 
this figure will have a large variation since the floodwater 
regime depends primarily on rainfall, which will differ 
substantially both in time and space. Therefore the revised 
Intergovernmental Panel on Climate Change (IPCC) 
guidelines distinguish drought prone rainfed rice (emission 
factor of 0.4) and flood prone rainfed rice (emission factor 
of 0.8) [IPCC, 1997]. Deepwater rice has a similar seasonal 
emission pattern as irrigated rice but seasonal emissions are 
much higher because of a longer growing period [Buendia et 
al., 1997]. Buendia et al. [1997] monitored CH4 emission 
from a continuously flooded irrigated rice field and a 
deepwater rice field, on the basis of their results, the 
emission factor for deepwater rice would be -2. 
Unfortunately, CH4 emission data for deepwater rice are 
scarce, and the rice ecosystem is highly variable in flood 
duration, cultivars grown and depth of flood, with maximum 
up to 5-6 m. The emission factor proposed by IPCC [ 1997] 
for deepwater ice (water depth > 100 cm) is 0.6. Although 
this disagrees with the observation by Buendia et al. [ 1997], 
it is also used in this paper because the deepwater rice 
environment is difficult to characterize and the difference 
with the other categories of rainfed rice and irrigated rice are 
large. The emission factor will be used to estimate emissions 
from the deepwater rice area using emission data for 
irrigated rice ecosystems at very different locations. So, for 
deepwater rice, the emission factor is in practice an 
aggregated correction factor coveting not only the difference 
in water regime but also climate, soils, cultivars, and inputs. 
Clearly, caution is necessary with the emission factors 
because they may change considerably when more data 
become available and small changes in the emission factor 
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Table 1. Rice Area by Type of Culture as a Fraction of Total Harvested Rice Area and the 
Absolute Change in Rice Area by Type of Culture From 1978-1980 to the mid-1990s 
Type of Culture a Upland Deepwater Irrigated Rainfed Rice Total Harvested 
Rice Rice Rice Rice Area 
Shallow Intermediate (=100%), 103ha 
(0-30 cm) (30-100 cm) 
0 b 0.6 b 1 b 0.4 b 0.8 b 
Areas in 1978-1980, % 
Indonesia 14 3 63 13 7 8204 
Nepal 3 4 21 54 18 1262 
Philippines 12 0 43 34 11 3515 
Thailand 11 5 14 59 12 8677 
Asia 9 4 51 26 10 126095 
Areas by mid-1990s, % 
Indonesia 11 0 54 26 
Nepal 5 8 49 27 
Philippines 5 0 61 25 
Thailand 2 4 10 66 
Asia 7 3 55 26 
Change in Areas 1978-1980 to mid-1990s, 10 • ha 
Indonesia 75 -256 732 1788 472 
Nepal 28 65 469 -272 -64 
Philippines -250 0 690 -296 -38 
Thailand -758 -58 -247 1254 776 
Asia -2315 -1218 8379 1735 15 
9 11015 
11 1488 
9 3620 
18 9644 
9 131991 
2811 
226 
105 
967 
5896 
Original data from Huke and Huke [ 1997]. 
a Definitions of rice culture types (rice ecosystems) are given by Huke and Huke [ 1997]. 
b CH4 emission factor elative to continuously flooded irrigated rice. 
may have large consequences for the estimates of global 
CH4 emissions from rice paddies. A further complication is 
that the criteria used by various authors to discriminate rice 
ecosystems differ, especially the definitions of rainfed rice 
and deepwater rice, causing differences in areas of rice 
ecosystems reported. In this paper, I follow the definitions 
given by Huke and Huke [1997]; the corresponding 
emission factors used are given in Table 1. 
2.1. Harvested Area of Rice by Type of Culture From 
1960-1990s 
Unfortunately, there are no annual statistics for 1960- 
1990s with harvested rice area by type of culture. The 
change of rice area by type of culture from 1960-1990s can 
be estimated by combining various statistics. Rice area by 
type of culture for -1978-1980 and the mid-1990s is shown 
in Table 1. To start with, annual changes in rice area by type 
of culture between 1979 and 1995 have been estimated by 
assuming linear change. Sources of complementary 
information are total harvested rice area 1961-1997 [IRRI, 
1995] (also see Agrostat available as http://www.fao.org/), 
irrigated rice area [IRRI, 1995] for Philippines (1961-1993), 
Thailand (1961-1993), Nepal (1975-1987 and 1993), and 
Indonesia (1972-1983 and 1991), upland rice area for 
Indonesia 1968-1994 [Arif et al., 1996] and area planted to 
MVs [IRRI, 1995, Figure 1]. To derive (crude) area 
estimates for 1961-1979, the relative contribution of each 
type of culture to total rice area in 1978-1980 (Table 1) is 
multiplied by the total harvested rice area for each year. 
Next, adjustments are made in such a way that the estimates 
of the irrigated and upland rice ecosystems corresponded 
with available irrigated rice statistics and upland rice 
statistics. Figure 3 shows the result of this exercise for 
Indonesia and the Philippines. Similar estimates were made 
for Thailand and Nepal. By using the emission factors for 
each type of rice culture, the national "overall" CH4 
emission per ha can be calculated as a percentage of what 
the national emission would be if the country would only 
have continuously flooded irrigated rice. Take, for example, 
a country with 10% upland, 30% shallow rainfed, 10% 
intermediate rainfed, and 50% irrigated rice in a particular 
year. The average national emission per unit rice area is then 
(10 x (0) + 30 x (0.4) + 10 x (0.8) + 50 x (1)) = 70% of the 
CH4 emission of a unit area continuously flooded irrigated 
rice in that specific country. The estimated changes in 
relative national emission per unit area of rice land for 
1961-1997 are presented in Figure 4 (black curves only). 
The relative CH4 emission per ha rice land has increased 
since 1961 for all countries. This is largely due to an 
increase in irrigated rice area and partly due to a decrease in 
upland rice area. However, the pattern is different for the 
four countries. 
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Figure 3. Estimated rice area by type of culture in (a) 
Indonesia and (b) the Philippines for 1961-1997 and area 
planted to modern rice varieties. 
2.2. Explaining National Trends in CH4 Emission 
In Indonesia, emissions increased primarily between the 
1960s and the late 1970s; in Thailand, Philippines, and 
Nepal the main change was from the late 1970s onward. For 
Thailand the increase of the CH4 emission per unit area is 
small because the ratio of rice areas by type of culture 
changed little. Figure 4 shows a change over time and 
indicates that in the 1990s two groups of countries can be 
distinguished with overall national emissions of-80 and 
-60% of national irrigated rice emission, respectively. The 
"high relative emission" group has a relatively high fraction 
of its rice land as irrigated rice, for example, Indonesia and 
the Philippines. The "low relative emission" group has a 
relatively low fraction of its rice land as irrigated rice, for 
example,Nepal and Thailand. However, one should realize 
that "the" standard irrigated rice emission for each country 
could be very different. Buendia et al. [1997] report about 
5-8 fold higher CH4 emissions from irrigated rice fields in 
the Philippines as compared to Thailand although the fields 
were planted with the same rice variety and received similar 
fertilization. The soils of the irrigated rice fields compared 
by Buendia et al. [1997] were an Andaqueptic Tropaquept 
and Paleustert in the Philippines and a Sulfaquept in 
Thailand. The reason for the low emission in Thailand was 
the acid sulfate soil [H.U. Neue, personal communication, 
1998]. This shows that variations within each of the major 
rice ecosystems can be very high. Recognition of this within 
rice ecosystem variability has resulted in publication of 
instructions for obtaining "standard" emission of irrigated 
rice fields with the aim that eventually each rice growing 
country or region should obtain this "standard" emission to 
ensure the intercompatibility and intercalibration of 
extended data sets used to establish country specific 
emissions from rice agriculture [International Global 
Atmospheric Chemistt 3' Project (IGAC), 1994]. National 
boundaries are probably, especially for larger countries, not 
the appropriate scale to define homogeneous regions to 
calculate rice ecosystem emissions. The results in Figure 4 
have to be treated with caution because (1) calculation is 
based on estimated changes in rice area by culture (e.g., 
Figure 3) and, more important, (2) the emission factors for 
different types of rice culture are still uncertain. The large 
effect the emission factor may have is illustrated in Figure 4 
by the difference between the black and the shaded curve for 
the Philippines. MVs are almost exclusively grown on 
irrigated rice fields or favorable shallow rainfed [David and 
CH4 emission per ha relative to irrigated rice (%) 
100 [ 
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Figure 4. National CH4 emission from rice land expressed 
as a percentage of the national CH4 emission from rice if 
national rice area was irrigated rice only. 
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Table 2. Grain-Straw Ratios for Selected Varieties 
[Chandler, 1969] 
depending on the definition used. As a result the relative 
contribution of irrigated rice either increases or decreases. 
Variety Grain-Straw Ratio 
Highly Nitrogen Responsive (MVs) 
IR8 1.15 
Chianung 242 1.14 
Taichung Native 1 1.20 
Tainan 3 1.23 
IR5 0.95 
Average 1.13 
Low or Negatively Responsive to Nitrogen (TVs) 
Hung 0.60 
Peta 0.60 
Nahng Mong S4 0.49 
Puang Nahk 16 0.40 
H-4 0.58 
Sigadis 0.69 
Average 0.56 
Otsuka, 1994]. In countries with a high and stable adoption 
of MVs, the difference between the area planted to MVs and 
irrigated rice area can be used as an estimate for the 
favorable shallow rainfed rice area. In Indonesia the 
difference between area planted to MVs and irrigated rice 
area is small (Figure 3a). The Philippines (Figure 3b) has a 
higher rate of MV adoption than one would expect based on 
its irrigated rice area because a large part of the Philippine 
rainfed areas is characterized by favorable lowland 
conditions where MVs have a yield advantage over TVs 
[David and Otsuka, 1994]. This implies that water supply is 
more secured, and therefore CH 4 emission potential of these 
rainfed areas is relatively high. If the emission factor for the 
Philippine favorable rainfed environment is taken closer to 
irrigated rice, for example, at 0.8 instead of the 0.4 for 
drought prone rainfed rice, the relative emission curve 
increases 10-15% (shaded curve, Figure 4). Over time the 
gap between the two curves for the Philippines decreases 
because irrigated rice area increases at the expense of the 
shallow rainfed rice area. 
Huke and Huke [1997] report a decrease in the relative 
contribution of irrigated rice to total harvested area in 
Indonesia (Table 1). This is in conflict with the irrigated rice 
area statistics [IRRI, 1995], which I used to calculate the 
relative emission per unit area for Indonesia. On the basis of 
Huke and Huke's [ 1997] data, the relative emission per unit 
rice area for Indonesia would decrease, instead of increase, 
since the late 1970s (shaded solid circles, Figure 4), 
illustrating the sensitivity of the relative CH 4 emission per 
unit area to changes in the contribution of different rice 
ecosystems to total harvested rice area. It also shows the 
difficulties of rice statistics and their interpretation. The 
total harvested rice area for Indonesia reported by IRRI 
[1995] and Huke and Huke [1997] does not differ 
significantly. The conflict between reported irrigated rice 
areas is caused by the large expansion of rainfed rice in 
Indonesia, often with partial irrigation (water harvesting) 
which can be classified as irrigated rice or rainfed rice 
3. Rice Biomass Production From 1960s to 
1990s and CH4 Emission 
3.1. Changes in Rice Biomass Due to Adoption of 
Modern Rice Varieties 
Differential adoption of MVs has widened disparities in 
yields between irrigated and nonirrigated ecosystems ince 
the mid-1960s, 3-5 t ha -I and 1-2 t ha -l, respectively. Rice 
yields alone cannot be used to calculate biomass because 
MVs and TVs have a different harvest index (HI = weight of 
the panicles / total dry matter) [Yoshida, 1981 ]. The total dry 
weight of a good rice crop is around 10-20 t ha -l, depending 
on variety, management, and environment. The HI is - 0.3 
for traditional tall varieties and 0.5 for improved, short 
varieties. [Yoshida, 1981]. The HI of 0.5 for MVs has 
changed little in recent years [M.J. Kropff, personal 
communication, 1998]. The grain-straw ratio, dry grain yield 
divided by dry straw weight, ranges from 0.5-0.6 for TVs to 
about 1.0-1.15 for MVs (Table 2). The modem rice varieties 
are highly nitrogen responsive. The nitrogen responsiveness 
is inversely correlated to plant height, which in turn is 
related to lodging resistance and thereby to HI or grain-straw 
ratio [Yoshida, 1981 ]. In this paper, I assume that lower rice 
biomass, under otherwise similar conditions, results in lower 
CH4 emissions [Huang et al., 1997b] and that the HI 
combined with MV statistics can be used to calculate the rice 
biomass from rice production figures. Following this 
hypothesis, as will be shown below, equal rice production 
with a higher HI would lead to lower CH 4 emission. There is 
some experimental evidence supporting this hypothesis, for 
example, semidwarf rice cultivars evolved 36% less methane 
than tall cultivars [Lindau et al., 1995] and Wang et al. [1997] 
reported higher emissions from a traditional variety compared 
to two modem varieties. However, data on this topic are 
scarce, and often other controlling factors differ at the same 
time, or are not quantified, so no explicit conclusions can be 
drawn. 
3.2. CH 4 Emission From Carbon Returned to the Soil 
Neue et al. [1990] and Bachelet and Neue [1993] 
introduced a simple method to estimate the CH4 emission 
from rice fields based on the underlying assumption that rice 
soils are neither losing nor accruing carbon. Therefore the 
net carbon supply for CH4 production in rice fields has to 
come from the seasonal inputs of carbon, and changes in 
soil organic matter content can be neglected. Neue et al. 
[1990] assumed that 15% of the rice straw, all the 
belowground biomass of the rice plant, 50% of the fallow 
weeds, and all aquatic biomass were returned to the soil. A 
fixed percentage of this carbon input to the soil is assumed 
to be transformed to CH4. This method is obviously 
sensitive to two factors: (1) the calculation of the carbon 
returned to the soil and (2) the fraction of returned carbon 
transformed and/or emitted as CH 4. Neue et al. [1990] and 
Bachelet and Neue [ 1993] calculated straw and root biomass 
from rice production figures using a shoot/grain ratio of 1.5 
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Table 3. Fraction of Added Carbon to Rice Paddies Emitted as CH4 
Increment Carbon 
Straw Input, Addition •, 
t ha -• g m -2 
% Carbon to CH4 
Added Including 
Carbon only Indirect (•3C) Effect 
Recalculated From 
_N b 
N b 
+N b 
+N b 
Japan 
0-5 180 5.56 15.8 
O-9 324 10.8 
0-7 252 10.3 
17-22 
Chidthaisong and Watanabe [1997] 
Minoda and Kimura [1994] 
Nouchi et al. [1994] 
Uz. aki et al. [ 1991 ] 
United States 
0-2.5 90 15.8 Cicerone et al. [1992] 
0-5 180 24.3 Cicerone et al. [ 1992] 
0-2.5 90 5.3 Cicerone et al. [1992] 
0-5 180 17.1 Cicerone et al. [1992] 
Average 15.6 
Philippines 
1992 ws c 0-5 180 3.88 Wassrnann etal. [ 1996] 
1993 dsC 0-5 180 8.79 Wassmann et al. [ 1996] 
1993 ws c 0-5 180 5.21 Wassmann et al. [ 1996] 
Average 5.96 
Carbon content of rice straw is assumed 36% [Chidthaisong and Watanabe, 1997]. 
Here with nitrogen fertilizer; +N, without nitrogen fertilizer; -N. 
Here wet season; ws, dry season; ds. 
and a root/shoot ratio of 0.17. Fallow weeds were estimated 
at 2 t ha -• and seasonal quatic biomass at0.6 t ha -•. These 
assumptions were based on various investigations done at 
the International Rice Research Institute (cited by Neue et 
al. [1990]). The method implies that if total rice biomass 
increases, so does CH4 emission. However, because the 
MVs combine higher yields with a lower HI, rice biomass 
does not necessarily increase when production increases. 
The impact of MV adoption on CH4 emission can be 
assessed by combining the method of Neue et al. [1990], the 
area planted to MVs (Figure 1), and the HI of MVs and TVs. 
The carbon input to rice soils was calculated using the Neue 
et al. [1990] approach for Indonesia, Philippines, Nepal, and 
Thailand for the period 1961-1995. Next, this method was 
modified to calculate the impact of adoption of modern 
varieties over the same period for the same countries. Again, 
15% of the straw and all belowground rice biomass were 
assumed to return to the soil, but the straw and belowground 
biomass were now calculated separately for TVs and MVs 
using harvest indexes of 0.3 and 0.5, respectively. The 
harvested area planted to MVs over time (Figure 1) is not 
enough to calculate the biological yield because the yield 
from fields planted to MVs has changed over time, for 
example, because of increasing inputs. However, if a fixed 
yield for TVs is assumed, the changing yields of MVs over 
time can be calculated based on production figures. The TV 
yield was assumed to remain at the level before introduction 
of the MVs. Thus the average TV yield for Indonesia, 
Philippines, Nepal, and Thailand was assumed to be 2.0, 
1.3, 1.8, and 1.9 t ha -1, respectively. To calculate total 
carbon returned to the soil, the same assumptions for fallow 
weeds and aquatic biomass were used as given by Neue et 
al. [ 1990] and Bachelet and Neue [ 1993]. 
3.3. Fraction of Returned Carbon Transformed and/or 
Emitted as CH4 
It is necessary to distinguish between returned carbon 
transformed to CH4 and returned carbon emitted as CH4. 
The fraction of carbon transformed to CH 4 also 
encompasses the CH4 oxidized within the rice ecosystem 
and may be considerably larger than the fraction of the 
returned carbon that is emitted as CH4 to the atmosphere. 
For the purpose of this paper the latter is more relevant 
because it is the net flux of CH4 from the rice ecosystem to 
the atmosphere. Neue et al. [1990] and Bachelet and Neue 
[1993] assumed that 30% of the carbon returned to the soil 
was emitted as CH4 (they did not explicitly distinguish 
between transformation to CH4 and emission as CH4). 
Recently, more information has become available and I have 
reassessed the transformation fraction (Table 3). About 
5.5% of •3C labeled rice straw was emitted as CH4 in a pot 
experiment with growing rice plants [Chidthaisong and 
Watanabe, 1997]. Uzaki et al. [1991] found a 
transformation of 17-22% of incorporated organic carbon to 
methane ebullition. However, this probably overestimates 
the overall fraction of carbon emitted as CH4 because 
ebullition is a transport mechanism that allows for much less 
internal oxidation than plant-mediated CH4 transport. The 
latter is usually the dominant CH4 transport mechanism to 
the atmosphere. Oxidation within the rice ecosystem, for 
example, in the rhizosphere, reduces the plant-mediated CH4 
flux significantly by - 30% [Denier van der Gon and Neue, 
1996]. On the basis of these 13C studies, - 5-15% of 
returned organic carbon is expected to be emitted as CH4. 
Chidthaisong and Watanabe [1997] also observed an 
indirect effect: Aplication of straw also stimulated the CH4 
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emission from sources other than the incorporated (labeled) 
straw. The net CH4 emission including the indirect effect of 
additional returned carbon can be calculated from published 
emission data, if the emission from plots with and without 
an additional straw incorporation is given (Table 3). Net 
emitted CH4 varies between 4-24% of the additional added 
carbon with an average of 12 + 4% (aerage calculated using 
the average %C to CH4 for Cicerone et al. [1992] and 
Wassmann et al. [1996], not the individual plot values). The 
wide range of 4-24% can be partially explained by 
nonlinearity of the indirect effect as suggested by higher %C 
to CH4 for plots receiving 5 t ha -• straw compared toplots 
receiving 2.5 t ha -I straw [Cicerone et al., 1992], (Table 3) 
Furthermore, the fraction of returned carbon emitted as CH4 
depends on the soil type [Yagi and Minami, 1990]. 
For comparison, the derived estimate, 12% of soil- 
returned carbon emitted as CH4, can be roughly recalculated 
to the fraction of rice net primary production (NPP) emitted 
as CH4. This results in 1.7-3% of the NPP emitted as CH4 
(depending on the contribution of MVs and TVs to rice 
production and the rice yield), which is within the range of 
earlier estimates of 3-7% [Aselman and Crutzen, 1989], and 
1.2-5.4% [Huang et al., 1997b]. 
3.4. Methane Emission Based on Rice Biomass From 
1960s to 1990s 
Figure 5 shows the change in CH4 emission from 1960s 
to 1990s using (1) the method of Neue et al. [1990] and 
Bachelet and Neue [1993], (2) the method, described above 
in sections 3.2 and 3.3., considering adoption of modem 
varieties, and (3) idem but assuming no introduction of 
MVs. The main conclusion emerging from Figure 5 is that 
in Indonesia and the Philippines, the CH 4 emission per ha 
for each country has been relatively stable on account of the 
adoption of MVs. While an increase in CH4 emissions 
between 1960 and the 1990s is predicted by increasing rice 
production alone [Anastasi et al., 1992], the emissions 
appear to have stabilized or even decreased upon adoption 
of MVs. It should be noted that the method of Nette et al. 
[1990] was designed for an overall CH 4 emission estimate 
of the late 1980s, not for trend analysis or country specific 
analysis. The summed CH4 emission (including adoption of 
MVs) of Indonesia, Philippines, Nepal, and Thailand 
(consisting of two high, two low MV adoption countries) for 
a year in the late 1980s compares well with the summed 
emission obtained with the modified Neue et al. [1990] 
method (12% of returned carbon emitted as CH 4 instead of 
the original 30% assumed by Nette et al. [1990]). Figure 5 
shows that at the national level different processes, 
especially how a yield increase is obtained, play an 
important role in determining the CH4 emission from rice 
fields. Furthermore, trends in CH 4 emission vary 
considerably between countries. The CH 4 emission 
assuming no adoption of MVs since the mid-1960s (Figure 
5, gray line) is purely hypothetical because the yield 
increases realized in Indonesia and Philippines would have 
been impossible without adoption of MVs. However, 
comparison of CH 4 emission including MV adoption and 
CH4 emission assuming no MVs (Figure 5) illustrates that 
increased rice production does not necessarily lead to 
increased CH4 emissions. This is because rice productivity 
increases do not necessarily cause proportional increases in 
rice biomass. If yield increases would have been obtained 
with varieties having a HI similar to traditional varieties, 
present day CH4 emissions from rice would have been much 
higher. 
The difference in CH4 emission of Nepal end Thailand 
with and without adoption of MVs is small because MV 
adoption in these countries is low. The national CH4 
emission from rice fields based on carbon inputs to the rice 
soil can be estimated by combining Figure 5 with the 
national harvested wetland rice area (Figure 6). Upland rice 
areas have been disregarded because they do not emit CH4. 
Wetland rice area is obtained by subtracting upland rice area 
from the total harvested area. Upland rice areas were 
determined earlier when estimating rice areas by type of 
culture (, Figure 3), and total harvested areas are available as 
statistics for 1961-1997 (Agrostat available as 
http://www.fao.org/). CH4 emission from Indonesian rice 
fields increases steadily because of the steady harvested area 
increase. Comparison of the estimated emission for 
Indonesia and the Philippines including the adoption of 
MVs (Figure 6, black circles) and the emission assuming no 
modem varieties; that is, the HI stays at 0.3, demonstrates 
that modem rice technology significantly depressed the 
upward trends and levels of CH4 emission from rice fields. 
The emissions from Indonesian and Philippine rice fields in 
1990, including the impact of adoption of MVs, are 
estimated at 1.8 and 0.48 Tg yr -1, respectively. These 
estimates are lower than previous estimates 3.5-4.5 Tg yr -I 
(Indonesia) nd 1-1.5 Tg yr -1 (Philippines) [e.g., Husin et 
al., 1995; Bachelet and Neue, 1993] because by taking the 
adoption of MVs explicitly into account the rice biomass 
calculated, from rice production figures is lower. However, 
the estimated 0.48 Tg yr -• for Philippine rice fields is close 
to the 0.367 Tg yr -l reported for rice fields in the national 
communication of the Philippines [Francisco, 1996]. 
3.5. How Realistic are the Estimated CH4 Emissions? 
Unfortunately, national emission estimates cannot be 
validated at present. Thus it is virtually impossible to judge 
whether the estimates presented in this paper are better or 
worse than previous ones. However, the estimated emissions 
can be compared with CH4 emissions measured from rice 
fields. Like Neue et al. [1990] and Bachelet and Neue 
[1993], I assume 1.6 t ha -• of organic matter (all of the 
aquatic biomass and 50% of the fallow weeds) returned to 
the soil, independent of the rice yield. This results, with a 
transformation factor of 12%, in a base-line emission of 10 
g CH 4 m -2. An emission of 10 g CH4 m -2 seems an 
acceptable approximation of the nonrice carbon derived CH4 
emission, given the range of CH4 emissions measured from 
unplanted fields; 1-3 g CH4 m -2 [Sass et al., 1991' Cicerone 
et al., 1992] to -17 g CH4 m -2 [Schiitz et al., 1989]. 
Obviously, the net contribution from fallow weeds and 
aquatic biomass to CH4 emission will differ depending on 
cropping index and agricultural management. In high- 
cropping index areas (e.g., double or triple cropping 
systems) the amount of fallow weeds will be lower because 
of the limited time between successive crops. 
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Figure 5. Methane emission from rice based on rice production figures and a fixed fraction of returned 
carbon emitted as CH4 for Indonesia, Philippines, Nepal, and Thailand. 
The method used in this paper predicts, for a rice field 
planted to a MV and a yield of 6 t ha -• an emission f20 g 
-2 
m CH 4 per rice crop. This is the same as the default value 
suggested by IPCC [ 1997] and within the range of measured 
CH4 emissions from rice fields without organic amendment, 
albeit on the high side (4-8 g m -2 CH4 [Yagi and Minami, 
1990], 3-9 g m -2 CH4 [Wassmann et al., 1996], 8-17 g m -2 
CH4 [Denier van der Gon and Neue, 1995], 5-16 g m -2 CH4 
[Sass et al., 1991], 14-43 g m -2 CH4 [Schiitz et al., 1989], 
and 14-90 g m -2 CH4 [Wassmann et al. 1993] (recalculated 
assuming 80 days of flooding per rice crop). The calculation 
of returned carbon to the rice soil and resulting CH4 
emissions does not take organic amendments into account 
because statistics on the use of organic amendments in rice 
agriculture are lacking. Organic amendments like manure, 
green manure, or straw incorporation strongly enhance CH4 
emissions from rice fields [Denier van der Gon and Neue, 
1995]. Disregarding organic amendments as an additional 
source of carbon returned to the rice soil leads to an 
underestimation of CH4 emissions. However, the calculated 
emission of20 g m -2 CH4 per rice crop at a rice yield of 6 t 
ha -• is on the high side of the measured ranges and overlaps 
with the range of measured CH4 emissions from moderately 
amended rice fields [e.g., Yagi and Minami, 1990; 
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Figure 6. Methane emission for Indonesia and the 
Philippines calculated using Figure 5 and the harvested area 
of wetland rice over time. 
the HI are not completely fixed. The HI of MVs differs 
according to solar radiation. Normally, except for Indonesia, 
the HI is higher in the dry season and lower in the wet 
season [H.U. Neue, personal communication, 1998]; TVs 
are only grown in the wet season. Moreover, data on CH4 
emission controlling factors that are cultivar dependent, 
apart from biomass, are very scarce. These factors, for 
example, root exudation and CH4 transport capacity, may or 
may not differ between TVs and MVs, but the variation 
within the individual groups of TVs and MVs may be much 
larger than between TVs and MVs. 
Deepwater rice varieties, including the so-called floating 
rices, have a very different morphology and should be 
placed outside of the TVs and MVs groups used here. The 
deepwater rice environment is a very different production 
environment from that for irrigated or rainfed rice and needs 
to be treated accordingly, with much more differentiation 
than varietal characteristics alone, e.g., length of growing 
season. 
By introducing short-duration MVs, the cropping index 
increased, but the number of days of flooding within a rice 
crop cycle probably decreased. Therefore growing two crops 
of short-duration MVs instead of one TV crop does not 
necessarily double the number of days of flooding. A 
correction for reduced days of flooding in the rice crop cycle 
may be necessary because flooding controls anoxic 
conditions and thereby is a controlling parameter of CH4 
emission. However, simultaneously with introduction of 
MVs, the irrigation schemes improved thus enhancing water 
security, which would tend to increase the number of days 
of actual flooding per rice crop. 
5. Conclusions and Future Outlook 
Wassmann et al., 1996; Denier van der Gon and Neue, 
1995; and Sass et al., 1991]. The importance of organic 
amendments can be simply calculated with the 12% 
conversion factor. Assuming a 3 t ha -1 organic amendment 
incorporated in the soil an additional 19g m -2 CH4 would be 
emitted. In other words, a doubling of the CH4 emission per 
rice crop, which is in the range of the relative increase upon 
organic amendments reported by Denier van der Gon and 
Neue [ 1995]. 
4. Additional Remarks 
A separation between TVs and MVs using statistics on 
area planted to MVs is feasible but rather crude. In reality, 
varietal differences are much subtler than this. Differences 
within the groups of TVs and MVs with respect to CH4 
emission are significant. Various MVs commonly used in 
Indonesia differed significantly with respect to CH4 
emission [Nugroho et al., 1997], and screening of 10 MVs 
used in the Unites States resulted in a classification of 
normal and high emitting MVs, which differed in CH4 
emission by a factor of 1.5 [Huang et al., 1997a]. 
Unfortunately, information on CH4 emission for specific rice 
varieties widely grown in Asia is lacking. The HI of TVs 
(0.3) and MVs (0.5) is a means to describe the difference 
between these types of cultivars, but in reality the values of 
Anastasi et al. [ 1992] predicts CH4 emissions from rice to 
increase by an average of 1.1% yr '• from the 1990 level of 
97 Tg yr -• to 145 Tg yr -I in 2025. Their prediction is based 
on correlation of grain yield (rice production) to CH4 emission 
and does not take changing use of varieties into account. 
However, the development and subsequent adoption of MVs 
is an important development in rice agriculture since the 
1960s. The analysis presented in this paper indicates that for 
countries with a high MV adoption rate, like Indonesia and 
Philippines, yield increases have not resulted in increasing 
CH4 emissions per unit of harvested area. The introduction of 
MVs can be regarded as a historical CH4 emission mitigation. 
In fact, it is an example of a so-called win-win mitigation 
strategy, since it combines lower or equal emissions with 
higher rice yields. The alternative to achieve the necessary 
high rice production without the introduction of MVs would 
have been vast expansion of the area planted to TVs. The 
result, among other potential problems like finding suitable 
land, would have been much higher CH4 emissions from the 
worlds rice paddies than in the present situation. 
It is of great interest to understand how future yield 
increases, which are necessary to feed the growing population 
of rice consumers, will be achieved. A high HI is 
characteristic of the high-yielding MVs, but it may be the 
result of conscious selection of short, stiff straw to avoid 
lodging rather than for large grain yield with the minimum 
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production of total dry matter [Yoshida, 1981]. It is hard to 
say what the characteristics of future rice varieties will be, 
although it seems unlikely that the HI of varieties for the 
irrigated rice ecosystem will decrease much further. If rice 
production i crease is achieved by increasing yields of the 
currently used varieties, CH4 emission is likely to increase 
because with fixed HI the biomass of the rice crop has to 
increase. However, if the yield increase is achieved by other 
means, for example, new rice varieties for marginal areas, CH4 
emission does not necessarily increase. 
As a component of heir predicted growth of 1.1% yr -• in 
CH4 from rice, Anastasi et al. [1992] predict the area under 
cultivation to increase by 47% of the 1990 value to 220 x 
10 6 ha by 2025. Indeed, a future increase inharvested rice 
area could lead to increasing CH4 emissions from rice. 
However, an increase from the 1997 value of 150 x 10 6 ha 
(Agrostat vailable as http://www.fao.org/) to 220 x 10 6 ha 
by 2025 is highly unlikely given the increase in the past 20 
years of only -10 x 10 6 ha. Moreover, while MV adoption 
and irrigation increase rice yields, they tend to reduce crop 
area planted to rice. So, higher yields and cropping intensity 
through irrigation and MV adoption substitute for crop area. 
[David and Otsuka, 1994]. Rice scientists are convinced that 
the enormous increase of rice production necessary to feed 
the future population has to come mostly from higher yields 
and intensification of rice agriculture and only a very minor 
part from increase in harvested area. Therefore significant 
increases in CH4 emissions due to increases in rice 
cultivated area are not to be expected in the future. 
A major modification of the method used by Neue et al. 
[1990] and Bachelet and Neue [1993] in this paper is the 
use of a transformation factor of 12%, instead of 30%, for 
the conversion of soil-returned carbon to net emitted CH4. 
The consequence for the estimated CH4 emission from 
Asian rice paddies of-63 Tg yr -• by Neue et al. [1990] and 
Bachelet and Neue [1993] is a considerable lower estimate, 
in the range of 12/30 x (63) = 25 Tg yr -•. Since 90% of the 
rice production occurs in Asia, the global emission estimate 
will be-10% higher, equaling -28 Tg yr -•. Like in data 
given by Neue et al. [1990] and Bachelet and Neue [1993], 
organic amendments other than stubble, weeds, and aquatic 
biomass were not explicitly accounted for due to a lack of 
data, so both their-63 Tg CH4.yr -• and the -28 Tg CH4 yr -t 
proposed here are probably an underestimation. A best 
guess would be to assume that 40% of the rice fields receive 
an organic amendment because in some countries this is 
little used and because in double or triple cropping systems 
there is often no time between the seasons to apply organic 
amendments, so only the first rice crops receives organic 
amendments. Assuming a 3 t ha -• organic amendment, 
which lead to a doubling of the CH4 emission per season 
(see section 3.5.), a best guess for the global CH4 source 
strength of rice paddies would than be (0.6 x 28) + (0.4 x 28 
x 2) = 39 Tg CH4.yr -•. Such a low source strength of rice 
paddies, as compared to published CH4 emission 
inventories, would have important consequences for the 
global CH4 budget and deserves further investigation. 
From the 1960s to 1990s, adoption of modem rice 
technology has not only changed rice production and 
management but also CH4 emission from rice fields. It is 
most likely that this will continue to happen in the future, 
for example, when productivity of the current marginal rice 
lands is increased due to new rice technology. 
Extrapolations of CH4 emissions into the future should take 
these effects into consideration. The impacts of modem rice 
technology and related harvested area changes are not uniform 
across Asian but are highly dependent on national and/or local 
conditions. To understand the causes and trends of CH4 
emission from rice over time, it is essential to investigate 
changes in rice agriculture at the appropriate scale. 
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